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Running title: Expression of T. terrestris Cellobiohydrolase  26 
 27 
Abstract 28 
The gene encoding a cellobiohydrolase (CBH7B) of the thermophilic fungus Thielavia 29 
terrestris was identified, sub-cloned and expressed in Pichia pastoris. CBH7B encoded 455 30 
amino acid residues with a molecular mass of 51.8 kD. Domain analysis indicated that 31 
CBH7B contains a family 7 glycosyl hydrolase catalytic core but lacks a carbohydrate-32 
binding module (CBM). Purified CBH7B exhibited optimum catalytic activity at pH 5.0 and 33 
55oC with methylumbelliferryl-cellobioside (MUC) as the substrate and retained 85% of its 34 
activity following 24 h incubation at 50oC. Despite the lack of activity towards 35 
microcrystalline substrates, this enzyme worked synergistically with the commercial enzyme 36 
cocktail Cellic® CTec2 to enhance saccharification by 39% when added to a reaction mixture 37 
containing 0.25% alkaline pre-treated oil palm empty fruit bunch (OPEFB). Attenuated Total 38 
Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy suggested a reduction of 39 
lignin and crystalline cellulose in OPEFB samples supplemented with CBH7B. Scanning 40 
electron microscopy (SEM) revealed greater destruction extent of OPEFB strands in samples 41 
supplemented with CBH7B as compared to the non-supplemented control. CBH7B therefore 42 
has the potential to complement commercial enzymes in hydrolyzing lignocellulosic biomass.  43 
 44 
Keywords:  Glycosylation, methyumbelliferryl-cellobioside, oil palm empty fruit bunch, 45 
Cellic® CTec2, lignin.  46 
 47 
Abbreviations: CBH, cellobiohydrolase; CBM, cellulose binding module; OPEFB, oil palm 48 
empty fruit bunch; ATR-FTIR, Attenuated Total Reflectance Fourier Transform Infrared 49 
Spectroscopy. 50 
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1. Introduction 51 
Cellobiohydrolases (CBHs) or exoglucanases are major components of the fungal cellulase 52 
enzyme system which consists of cellobiohydrolases, endoglucanases and β-glucosidases [1]. 53 
Together, these enzymes hydrolyze the β-1,4-glycosidic bonds in cellulose, gradually 54 
reducing the polymer length to glucose subunits by targeting different regions of cellulose. β-55 
glucosidases cleave free cellobiose into glucose while endoglucanases cut randomly in the 56 
central part of the cellulose to release truncated chains. Cellobiohydrolases cleave only from 57 
opposite ends of the cellulose chains, releasing cellobiose [2,3]. Generally, fungi produce two 58 
families of CBHs. CBHs of the glycosyl hydrolase family 6 (EC 3.2.1.176) are inverting 59 
enzymes that cleave from the reducing end of the cellulose chain while CBHs from the 60 
glycosyl hydrolase family 7 (EC 3.2.1.91) are retaining enzymes that cleave from the non-61 
reducing terminus of the cellulose chain [4].   62 
Oil palm empty fruit bunch (OPEFB) is one of the most abundant lignocellulosic biomass 63 
generated by the palm oil industry. At present, this biomass is either incinerated or left at the 64 
mill without any proper treatment. Thus, research towards the utilization of oil palm biomass 65 
into value-added products is necessary to improve oil palm waste management and thus 66 
contribute to a greener environment [5]. Enzymatic saccharification of lignocelluloses has 67 
been identified as an environmentally friendly process and is more effective for sugar 68 
production compared to chemical methods such as acid hydrolysis [6]. As CBHs are capable 69 
of hydrolyzing crystalline cellulose, they play an essential role in the enzymatic conversion of 70 
lignocelluloses into sugars for biofuel production [7]. One of the major limitations to the 71 
industrial application of CBHs however is their low specific activity under industrial 72 
conditions that include high temperatures and extremes of pH [8].  73 
As genomic information on an increasing number of lignocellulolytic fungi becomes 74 
available, searching DNA data-bases can speed development of novel cellulases of potential 75 
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industrial importance [9]. Thielavia terrestris is a soil-borne, thermophilic fungus with a 76 
genome of 36.9 Mbp containing 9,813 genes. Cellulases and hemicellulases of T. 77 
terrestris have been shown to possess superior catalytic and stability characteristics that make 78 
them attractive candidates for the hydrolysis of biomass [10]. While numerous genes have 79 
been cloned from thermophilic fungi including Melanocarpus albomyces [8] Thermoascus 80 
aurantiacus [11,12], Talaromyces emersonii [13–16] and Humicola grisea var. thermoidea 81 
[17–21], as far as we are aware, no publications describing cellobiohydrolases from T. 82 
terrestris have appeared in the literature. 83 
Accordingly, the gene encoding a cellobiohydrolase, cbh7B from T. terrestris was 84 
identified, cloned and expressed in the methylotrophic yeast Pichia pastoris. Since P. pastoris 85 
easily over-expresses recombinant proteins and grows to high cell-densities in fermenters, it is 86 
an ideal tool for large-scale protein production. Furthermore, P. pastoris does not secrete 87 
significant amounts of endogenous lignocellulolytic enzymes simplifying purification and 88 
downstream processing [22,23].  89 
 90 
2. Materials and Methods 91 
2.1 Microbial strains and cloning vectors 92 
Escherichia coli DH5a (Promega, Madison, USA) was used as the bacterial host for all 93 
cloning procedures. Pichia pastoris strain X-33 (Invitrogen/Life Technologies, New York, 94 
USA) was used for the expression of T. terrestris cbh7B. Preparation of media and growth of 95 
the yeast were performed following Invitrogen/Life Technologies Pichia expression system 96 
protocols. 97 
 98 
2.2 Searching for putative cellobiohydrolases in the T. terrestris genome 99 
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In searching for potential CBH sequences, “cellobiohydrolase” was used as the keyword to 100 
search against the genomic data of T. terrestris accessed via the Joint Genome Institute (JGI) 101 
website: genome.jgi-psf.org/Thite2/Thite2.info.html. Potential CBH candidates were analyzed 102 
using InterProScan 5 (http://www.ebi.ac.uk/Tools/ pfa/iprscan5/) for domain analysis and 103 
identification. Putative N-glycosylation sites in CBH7B were determined using GlycoEP 104 
(http://www.imtech.res.in/raghava/glycoep/) and NetNGlyC 1.0 105 
(http://www.cbs.dtu.dk/services/NetNGlyc/). A phylogenetic tree of CBH candidates with 106 
other CBHs from thermophilic fungi was constructed using  Molecular Evolutionary Genetics 107 
Analysis (MEGA6) software [24]. CBH from Ruminococcus sp. (GenBank ID: CDE11952) 108 
was added as an outlier to the phylogenetic tree. These analyses identified cbh7B as a gene 109 
encoding cellobiohydrolase of T. terrestris. 110 
 111 
2.3 Synthesis and cloning of cbh7B 112 
The codons of cbh7B were optimized for expression in P. pastoris and cbh7B was 113 
synthesized in an Invitrogen/Life Technologies cloning vector. ClaI and XbaI restriction 114 
adaptors were added to the 5’- and 3’-ends respectively and used to insert a sub-clone of 115 
cbh7B into the expression vector pPICZαC (Invitrogen/Life Technologies). Correct insertion 116 
was controlled by sequencing the insert using a pair of primers targeted to the 5’ and 3’ ends 117 
of AOX1 that flank the insert. Manipulation of DNA was carried out using standard 118 
procedures [25]. 119 
 120 
 2.4 Transformation of P. pastoris X-33  121 
Transformation of P. pastoris X-33 was performed as according to the instruction manual of 122 
Invitrogen/Life Technologies Pichia expression system. Transformants containing multiple 123 
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insertions were selected on YPDS (Yeast Extract Peptone Dextrose medium + Sorbitol) plates 124 
containing various concentrations of Zeocin (500 μg.mL-1, 1,000 μg.mL-1and 2,000 μg.mL-1). 125 
 126 
2.5 Screening P. pastoris transformants and enzyme production 127 
Enzyme expression was assayed by growing the transformants in 50 mL of BMGY (Buffered 128 
Glycerol complex-Medium) at 30°C until an OD600 of 4 to 6 was attained. The cells were 129 
harvested by centrifugation for 5 min at 1,500g and re-suspended in 25 mL of BMMY 130 
(Buffered Methanol complex-Medium). Methanol was added every 24 h to a final 131 
concentration of 1.0% to maintain induction during the 72 h incubation (at 30°C and shaking 132 
at 240 rpm). Culture supernatants were clarified by centrifugation (5 min at 3,000g) and 133 
stored at −20°C. CBH7B production was verified by SDS-PAGE (12% polyacrylamide) 134 
followed by western blot analyses using a 1: 5,000 dilution of mouse anti His-tag monoclonal 135 
antibodies (Novagen, Madison, USA) and a 1: 5,000 dilution of HRP-conjugated anti-mouse 136 
antibodies (Promega) for chemi-luminescence detection on X-ray films. To assess the extent 137 
of N-glycosylation on the recombinant CBH7B, 20 μg of purified CBH7B was deglycosylated 138 
using PNGaseF (New England Biolabs, Beverly, MA, USA) according to the manufacturer’s 139 
instructions. 140 
 141 
 2.6 Purification of recombinant His-tagged CBH7B 142 
Culture supernatants containing His6-tagged CBH7B recombinant enzymes were purified by 143 
immobilized metal-ion affinity chromatography (AKTA prime system from GE Healthcare 144 
Bio-Sciences Corp., New Jersey, USA) using a 1 mL HiTrap chelating column charged with 145 
Ni2+ ions. The column was equilibrated with 10 mL binding buffer [50 mM NaH2PO4 (pH 146 
8.0), 0.5 M NaCl, 20 mM imidazole]. Crude protein (1 mL) was loaded onto the column and 147 
the resin washed with 10 mL binding buffer. Bound protein was eluted by a linear gradient of 148 
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elution buffer [50 mM NaH2PO4 (pH 8.0), 0.5 mM NaCl, 20 to 300 mM imidazole]. Eluted 149 
fractions that contained high concentrations of proteins were pooled and concentrated using 150 
Vivaspin™ centrifugal concentrators (cut-off of 10 kD - GE Healthcare Bio-Sciences Corp.).  151 
 152 
2.7 Enzyme assays 153 
Enzyme activity was measured using 4-methylumbelliferyl β-D-cellobioside (MUC) (Sigma-154 
Aldrich Corp, St. Louis, USA) as the substrate. Assays were performed in 400 μL 30 mM 155 
sodium acetate buffer (pH 5.0) containing 1 mM MUC. After 15 min incubation at 55°C, 156 
reactions were terminated by adding 100 μL 1 M Na2CO3. Fluorescence of the 4-157 
methylumbelliferyl group released from MUC was determined at excitation and emission 158 
wavelengths of 365 and 460 nm, respectively. One unit of enzyme activity was defined as the 159 
amount of the enzyme that produced the equivalent of 1 nmol product (reducing sugar or 4-160 
methylumbelliferrone) under optimal conditions in 1 min. Enzyme assays were also 161 
performed in 400 μL 30 mM sodium acetate buffer (pH 5.0) using 1% of microcrystalline 162 
cellulose Avicel® PH-101  (Sigma-Aldrich, MO, USA) as the substrate. After 30 min 163 
incubation at 55°C, reactions were terminated by 10 min of boiling. The amount of reducing 164 
sugar production was estimated using the DNS reagent method [26]. 165 
 166 
2.8 Thermal and pH profile of CBH7B 167 
Purified CBH7B was incubated at various temperatures (40, 45, 50, 55, 60, 70oC) and pH (pH 168 
3 to 10) for 30 min. Then, the residual enzyme activity of the treated protein was assayed 169 
using the standard protocol described above. CBH7B was also incubated at 50oC for 24 h to 170 
check stability over an extended period. 171 
 172 
2.9 Kinetic analyses and end-product inhibition 173 
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Michaelis-Menten kinetics of recombinant CBH7B were determined at 55°C in 30 mM 174 
acetate buffer (pH 5.0) with different concentrations of MUC ranging from 0.1 mM to 2.0 175 
mM. End-product inhibition was assayed with 0.5, 1.0, 1.5 and 2 mM of cellobiose and the Ki 176 
value determined. GraphPad Prism® 6 (San Diego, USA) was used to fit experimental data 177 
to the Lineweaver-Burk model corresponding to a nonlinear regression fit. 178 
 179 
2.10 Effect of metal ions and reagents on enzyme activity 180 
Reaction mixtures consisted of 3 μg enzyme, 250 L 30 mM acetate buffer (pH 5.0), 100 L 181 
1 mM MUC and 50 L buffer containing different metal ions (Ba2+, Ca2+, Co2+, Cu2+, Fe2+, 182 
K+, Mg2+, Mn2+, Na+ and Zn2+) at 1 mM and 10 mM. The effects of EDTA (1 mM and 10 183 
mM), SDS (1% and 10%) and urea (0.1 M and 1.0 M) on enzyme activity under standard 184 
conditions was also tested.  185 
 186 
2.11 Synergism between CBH7B and commercial enzymes in digestion of oil palm empty 187 
fruit bunch (OPEFB) 188 
Purified CBH7B (10 μg) was added to 10 mL reaction mixtures containing 0.25% alkaline 189 
pre-treated OPEFB and 60 μg (or 12 mg enzyme/g OPEFB) of the commercial enzymatic 190 
cocktail Cellic® CTec2 (Novozymes, Bagsvaerd, Denmark) in 30 mM acetate buffer (pH 5). 191 
Oil palm empty fruit bunch (OPEFB) was pre-treated with 1 g.L-1 calcium hydroxide 192 
followed by 20% peracetic acid by Sime Darby Limited (Pulau Carey, Selangor, Malaysia).  193 
Saccharification was performed at 50°C for 48 h at 1,000 rpm. The production of reducing 194 
sugars was measured using the DNS reagent method [26] and the wavelength monitored at 195 
540 nm. The OPEFB biomass was separated from the supernatant via centrifugation and dried 196 
on a hot plate. Dried OPEFB were analyzed using the Perkin Elmer Spectrum 400 Series 197 
Fourier Transform Infrared Spectroscopy fitted with a Universal ATR sampler accessory 198 
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(ATR-FTIR). The scanning range of the experiment was 650 to 4,000 cm-1. The hydrogen 199 
bond indices, lateral order indices and total crystalline intensities of the samples were 200 
calculated according to Poletto et al. [27]. Dried OPEFB samples were coated with platinum 201 
and observed by SEM (SUPRA 55VP, Carl Zeiss, Oberkochen, Germany) to compare the 202 
changes in surface morphology.  203 
 204 
3. Results  205 
3.1 Cellobiohydrolases in the genome of T. terrestris  206 
Four putative cbh genes were found in the T. terrestris genome and were designated as cbh6A 207 
(1,191 bp, NCBI Gene ID: 11519110), cbh6B (1,446 bp, NCBI gene ID: 11521362), cbh7A 208 
(1,581 bp, NCBI gene ID: 11515129) and cbh7B (1,368 bp, NCBI Gene ID: 11523677), 209 
respectively, according to the naming convention of the mycoCLAP database [28]. Domain 210 
analyses showed that CBH7A and CBH7B belong to the glycosyl hydrolase family 7 (GH7) 211 
while CBH6A and CBH6B are members of glycosyl hydrolase family 6 (GH6). That two 212 
families of CBH were present in T. terrestris is consistent with data from other thermophilic 213 
fungi in which CBHs separate into two clades corresponding to GH families 6 and 7 (Fig. 1). 214 
CBH7B lacks a carbohydrate binding module (CBM) that can be found at the C-terminal of 215 
CBH7A and N-terminal of CBH6B. CBH7B also possesses two putative N-glycosylation sites 216 
at residues N57 and N319, respectively. Although CBH7B belongs to GH family 7, it does 217 
not group together with other thermophilic CBHs of the same family and for this reason was 218 
an interesting target for further studies. 219 
 220 
3.2 Introduction of CBH7B into P. pastoris 221 
Transformation of P. pastoris with the expression cassette yielded > 50 transformants, 16 of 222 
which were randomly picked and re-streaked on YPDS plates containing 500 μg.mL-1 Zeocin. 223 
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All grew well but upon transfer to 1,000 μg.mL-1 Zeocin, the number of survivors declined to 224 
12 while only 5 colonies withstood 2,000 μg.mL-1 Zeocin. These different survival abilities 225 
reflected the number of integrations of the expression cassette into the P. pastoris genome.  226 
 227 
 3.3 Production and purification of CBH7B 228 
cbh7B comprised 1,368 nucleotides and encoded 455 amino acids. The SignalP programme 229 
(http://www.cbs.dtu.dk/service/SignalP) predicted a signal peptide at amino acids 1 to 17. 230 
Thus, the mature protein should consist of 438 amino acids with a calculated molecular mass 231 
of 51.8 kD and an isoelectric point of 4.94 (http://www.expasy.ch). The recombinant CBH7B 232 
was over-expressed and purified. Western-blot detection methods confirmed the presence of 233 
the target protein as an intact protein band (Fig. 2).  A transformant that was resistant to only 234 
500 μg.mL-1 Zeocin showed the highest expression yield (4.79 g.L-1 of crude protein) and was 235 
chosen for enzyme production. Deglycosylation experiments indicated that CBH7B may have 236 
been glycosylated as the deglycosylated protein displayed approximately the expected 237 
molecular mass (51.8 kD) whilst the untreated control showed a heterogeneous molecular 238 
mass ranging between 50 to ~70 kD on SDS-PAGE despite equal amounts of protein loaded 239 
in both lanes (Fig. 3).  240 
 241 
3.4 Properties of the recombinant CBH7B secreted by P. pastoris 242 
The optimum temperature and pH of the enzyme were at 55oC and pH 5 respectively (Fig. 4A 243 
and 4B) with a specific activity of 63 U.mg-1 towards MUC. The enzyme was stable across a 244 
pH range of 3 to 10 (Fig. 4D) and retained more than 75% of its activity after 30 min 245 
incubation (Fig. 4C). CBH7B also retained more than 90% of its activity when incubated at 246 
40, 45 and 50oC for 30 min. At 60oC however, it lost almost all of its activity over the 30 min 247 
period. At 50oC, the enzyme was stable for long periods (24 h) and retained 85.4 + 1.8% of its 248 
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activity. Both Km and Vmax of the purified CBH7B for MUC were calculated to be 0.28 mM 249 
and 402 nmol.min.-1mg-1 respectively. The turnover number (kcat) was 0.35 s
-1 and the enzyme 250 
was competitively inhibited by its reaction product cellobiose as  the Lineweaver-Burk plot 251 
(Fig. 5) shows that Vmax values remained constant at different cellobiose concentrations while 252 
the apparent values of Km (Km
 app, defined as Km(1 + [I]/ Ki)) increased with increasing 253 
cellobiose concentrations. The Ki value was estimated to be 0.185 mM. CBH7B was however 254 
inactive towards Avicel. 255 
 256 
3.5 Effect of metal ions and reagents 257 
To test the metal ion effect, CBH7B was incubated with metal ions and assayed for 258 
cellobiohydrolase activity against MUC. All metal ions except Ca2+ ion at 1 mM were found 259 
to be inhibitory. K+ and Na+ ions at 1 mM and 10 mM inhibited  the catalytic activity by 0-260 
30% whilst Cu2+, Fe2+ and Zn2+ ions at 1 mM and 10 mM strongly inhibited enzyme activity 261 
by more than 70%. Other ions (Ba2+, Co2+, Mg2+ and Mn2+) at 1 mM and 10 mM inhibited 262 
CBH7B activity by 30-70%.  263 
Industrial applications of enzymes often involve harsh conditions and the use of 264 
denaturing agents. In this regard, SDS at 1% and 10% inhibited enzyme activity by 53% and 265 
94%, respectively whilst urea at 0.1 M and 1.0 M inhibited enzyme activity by 55% and 64%, 266 
respectively. The chelating agent EDTA at 1 mM and 10 mM inhibited enzyme activity by 267 
40% and 12%, respectively. 268 
 269 
3.6 Synergism between CBH7B and commercial enzymes in hydrolysis of OPEFB 270 
CBH7B alone was inactive toward OPEFB, the complex lignocellulosic substrate (Table 1).  271 
However, mixtures of CBH7B and the commercial enzyme Cellic® CTec2 stimulated 272 
hydrolysis of OPEFB. Although the amount of CBH7B added was low (2 mg enzyme.g 273 
12 
 
substrate-1), it enhanced reducing sugar production by almost 40% as compared to non-274 
supplemented controls containing only the commercial enzyme. The ATR-FTIR spectra of 275 
OPEFB samples showed a profile shift which corresponded to a change in their chemical 276 
compositions following addition of CBH7B. Peaks representing different functional groups 277 
related to cellulose and lignin were assigned accordingly (Fig. 6). With supplementation of 278 
CBH7B, the treated substrate showed a drop in hydrogen bond intensity (HBI), lateral order 279 
index (LOI) and total crystalline index (TOI) by 15%, 58% and 14%, respectively (Table 2). 280 
We analyzed the effects of CBH7B supplementation on degradation of OPEFB under a SEM 281 
(Fig. 7). In contrast to the relatively undisrupted cell wall surface of control samples 282 
containing round silica-bodies (Fig. 7A), samples incubated with Cellic® CTec2 were rugged 283 
and without silica-bodies (Fig. 7B). Sample supplemented with CBH7B displayed extensive 284 
corroded strands (Fig. 7C). The morphology observed in the SEM micrographs is 285 
representative of replicate samples treated. 286 
 287 
4. Discussion 288 
As far as we are aware, this is the first report on the recombinant expression of CBH7B from 289 
the thermophilic fungus T. terrestris and its characterization. BLASTP searches showed that 290 
CBH7B of T. terrestris shared the highest amino acid identity (87%) with Chaetomium 291 
virescens CBHI (AGV05124).  Interestingly however, CBH7B diverges from C. virescens 292 
CBHI and the rest of the subgroups within the clade comprising glycosyl hydrolase family 7 293 
members (Fig. 1). 294 
Although it was low, the optimum temperature (55oC) of CBH7B was similar to CBHs of 295 
other mesophilic- [29,30] and thermophilic-fungi including Melanocarpus albomyces [8] and 296 
Hypocrea rufa [31]. Under these circumstances, we were surprised to find that CBH7B was 297 
stable at 50oC and retained 85% of its activity following 24 h of incubation. No metal ions 298 
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were found to be activators whilst Cu2+ ion at 1 mM severely impaired CBH7B catalytic 299 
activity by ~90%. As metal ions could potentially alter the affinity of adsorption on 300 
cellobiohydrolases [32], ions that were shown to be inhibitory should be avoided in future 301 
application of CBH7B. 302 
Interestingly too, the activity of CBH7B towards the microcrystalline substrate Avicel, 303 
which is often used as an insoluble substrate for cellobiohydrolases [33,34], was negligible. 304 
Other reports of family 7 fungal CBHs expressed in P. pastoris also mention decreased 305 
activity towards insoluble crystalline substrates such as Avicel or bacterial microcrystalline 306 
cellulose (BMCC) [7,35,36]. Most probably this decreased activity is linked to high glycan 307 
contents (both N- and O-linked) on the CBHs that perturb the structural folding and affect its 308 
activity [37].  309 
As Gao et al. [38] reported, Penicillium decumbens produced four different glycoforms of 310 
CBH that were identical in amino acid sequence but differed in the degree of N-glycosylation. 311 
Interestingly, each showed different activity profiles and one of them was even non-312 
hydrolytic. When assayed alone, this latter glycoform was inactive against all substrates but 313 
worked synergistically with commercial cellulases to hydrolyze cotton fibres. These data 314 
suggest that N-glycosylation delicately modifies the final, mature glycoform of CBHs to 315 
match various needs/roles.  316 
 ATR-FTIR analyses suggested that the combined effects of CBH7B and Cellic® CTec2 317 
enzyme cocktail decreased both cellulose and lignin contents of OPEFB as compared to 318 
Cellic® CTec2 alone (Fig. 6). The bands at 3,274 cm-1 and 3,220 cm-1 were assigned to the 319 
two crystalline allomorphs: cellulose Iβ and Iα respectively [39]. A marked decrease in both 320 
peaks signified a reduction in the amount of crystalline Cellulose I. The level of Cellulose II 321 
also decreased as its band at 1,420 cm-1 was lower than that of the control. The peaks at 1,595 322 
cm-1 and 1,425 cm-1 were assigned to aromatic C=O stretching of the wood lignin and wood 323 
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lignin aromatic skeletal combined C-H in-plane, respectively [40]. Decreased heights of both 324 
peaks at 1,595 cm-1 and 1,425 cm-1 indicated reduction in the lignin content in OPEFB 325 
following synergism between CBH7B and Cellic® CTec2. Lignin acts as a sort of glue by 326 
filling the spaces between and around celluloses and hemicelluloses [41]. We attribute the 327 
absence of silica-bodies in OPEFB to enzymatic hydrolysis which probably partially removed 328 
lignin along with cellulosic and hemi-cellulosic layers (Fig. 7). The fibrous stranded OPEFB 329 
exposed following Cellic® CTec2 treatment was further corroded by synergism with CBH7B, 330 
thus releasing more lignocellulosic layers and allowing easier access to the exposed celluloses 331 
and hemicelluloses [42].  332 
Poletto et al. [27] proposed that the hydrogen bond intensity (HBI) describes the degree of 333 
intermolecular regularity in cellulose while the lateral order index (LOI) is correlated with the 334 
overall degree of order in cellulose. The total crystalline index (TCI) is proportional to the 335 
degree of crystallinity of cellulose. As the crystalline cellulose contained in OPEFB was 336 
converted to simple sugars, the decrease in these ratios (Table 2) correlated with the increase 337 
in reducing sugars in samples containing two different enzymes (Table 1).  338 
Due to the recalcitrant nature of cell-walls, the hydrolysis of lignocellulosic biomass like 339 
OPEFB, requires a cocktail of cellulases and hemicellulases [43,44]. Among four commercial 340 
enzymes tested, Cellic® CTec2, which composed of cellulases and hemicellulases was the 341 
most efficient in OPEFB hydrolysis (data not shown). Despite the lack of activity towards 342 
crystalline substrates, our data suggested that CBH7B worked synergistically with Cellic® 343 
CTec2 to enhance delignification of OPEFB as well as the hydrolysis of exposed crystalline 344 
cellulose. Similar results were reported by Rosgaard et al. [45] in which the supplementation 345 
of commercial enzymes (Celluclast + Novozyme 188) with T. terrestris fermentation broth 346 
had synergistically resulted in an increase of reducing sugar production using Avicel as the 347 
substrate. 348 
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Activity towards crystalline celluloses such as Avicel is a characteristic of CBHs. Thus, 349 
CBHs with no activity towards conventional crystalline substrates may be mistaken as having 350 
no industrial relevance or non-hydrolytic. Our work suggests that synergism assays could be 351 
employed to study and identify CBHs with industrial importance. The production of 352 
recombinant CBH enzymes remains a particular challenge as their specific activities are lower 353 
than other components of the cellulase system such as endoglucanases and β-glucosidases 354 
[34]. Thus, the screening of novel CBH enzymes with higher specific activities as well as 355 
enhancements in enzyme yields should be performed in tandem to achieve economic biomass 356 
conversion. 357 
 358 
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Table 1 450 
 451 
Reducing sugar production measured by DNS method. Synergism between CBH7B and the 452 
commercial cellulase cocktail Cellic® CTec2, in the hydrolysis of 0.25% (w/v) pre-treated oil 453 
palm empty fruit bunch with a supplementation dosage of 10 μg of CBH7B from Thielavia 454 
terrestris produced in Pichia pastoris X-33. 455 
 456 
 
Samples 
 
Reducing sugar (mmol.L-1) 
 
(a) 0.25% OPEFB hydrolyzed with CBH7Bb 
 
ND 
(b) 0.25% OPEFB hydrolyzed with  Cellic® 
CTec2a 
 
1.449 + 0.025 
(c) 0.25% OPEFB hydrolyzed with Cellic® 
CTec2a supplemented with CBH7Bb 
 
2.014 + 0.011 
Percentage increase in sugar production (%) 
 
38.99 + 0.76* 
 
 457 
ND: not detectable 458 
a 60 μg or 12 mg enzyme/g substrate of Cellic® CTec2 was added. 459 
b 10 μg or 2 mg enzyme/g substrate of purified CBH7B was added. 460 
*P <0.005; a significant increase from (b) to (c).  461 
 462 
Table 2 463 
Changes in the crystallinity and order indices of OPEFB with and without the addition of 464 
CBH7B to Cellic® CTec2. Each index was calculated by finding the ratio of IR absorbance at 465 
specific wavelength (as in bracket). 466 
 467 
 
IR crystallinity indices 
 
OPEFB   + 
Cellic® CTec2 
 
OPEFB   + 
Cellic® CTec2 
+ CBH7B 
 
Change (%) 
Hydrogen bond intensity (A3400/1320) 1.84 1.56 -15 
Lateral order index (A1429/897) 4.36 1.83 -58 
Total crystalline index (A1372/2900) 1.04 0.89 -14 
 468 
